Unexpected failure of compacted soils was explained using design curves of the Rational Methodology for Compacted Geomaterial's Density and Strength Analysis (RAMCODES). Forensic geotechnical evaluation, applied to a compacted soil used at a construction site, demonstrated that the bearing capacity of the soil was influenced by the water content and the dry unit weight. At the construction site, the only criterion used for quality control of the compacted soil was the minimum compaction percentage; the maximum dry unit weight (achieved using the standard Proctor test) was used when the soil was compacted with light equipment, and the maximum dry unit weight (achieved using the modified Proctor test) was used when it was compacted with heavy equipment. After changing water content conditions, the soil compacted with heavy equipment and the soil compacted with light equipment exhibited changes in bearing capacity; the soil compacted with light equipment showed a failure, whereas the soil compacted with heavy equipment did not. The causes of failure were evaluated from samples of soil analyzed in the laboratory; analysis was performed using design curves obtained through a factorial experimental design. Our analysis revealed that the criterion of minimum compaction percentage was not adequate to determine the actual mechanical performance of the soil. We sought to determine why the soil compacted with light equipment did not satisfy the bearing capacity expected after compaction, and what other actions should performed at a construction site to avoid failure of soils compacted with light equipment.
Introduction
Specifications for quality control of compacted soils are frequently based on a minimum compaction percentage [1, 2] . The compaction percentage is defined as the ratio between the dry unit weight measured at the construction site and the maximum dry unit weight measured in the laboratory. The maximum dry unit weight used as a reference for the compaction percentage can be obtained in the laboratory using a pre-defined compactive effort (i.e. standard Proctor or modified Proctor tests). Although the minimum compaction percentage does not measure a mechanical property [3] , it is strongly ingrained in the verification process of quality control of compacted soils [2, 4] . For instance, Hilf [5] states that the use of "the simpler density and moisture measurements has been generally accepted for field control".
In 1987 Hermann and Elsbury [6] suggested that, for compacted soils destined to resist load, the minimum compaction percentage should be at least 95% of the maximum dry unit weight obtained by the standard Proctor test, or 90% of the dry unit weight obtained by the modified Proctor test. However, this suggestion has been considered as an unbreakable rule by many Latin American designers and constructors [7] ; once a minimum compaction percentage is achieved, it is assumed that the mechanical performance of the compacted soil will be optimum [2, 8] .
In 1933 Proctor [16] established that the maximum dry unit weight obtained in the laboratory depends on the compactive effort used in the compaction process [9] [10] . Thus, the maximum dry unit weight obtained in the laboratory directly affects the compaction percentage, assessed during quality control of the compacted soil at the construction site. Even if the minimum compaction percentage is fulfilled, when a failure appears in compacted soils, it can be extremely difficult to determine the cause of the failure, and to explain it, using only the specifications (i.e. particle size analysis, consistency limits and the minimum compaction percentage).
The RAMCODES methodology for soil compaction design proposes three levels of design [12] . The first level involves the material's specifications (i.e. particle size analysis, plasticity and minimum compaction percentage) (called code driven). The second level (called field response) takes into account the performance of the material in the field. The third level takes into account the design curves obtained from laboratory tests performed with control suction and uncontrolled suction. Design curves provide valuable information based on the mechanical performance of the material because the mechanical performance of soils is measured in different conditions of water content and dry unit weight [17] [18] . These three levels are considered independent, but as a group, they constitute a powerful tool in the design, study, quality control of compacted soils [12, [19] [20] , and other novel purposes as proposed by the present research (i.e. forensic evaluation of compacted soils).
Additionally, RAMCODES has a section for soil classification: the characteristic factor (Fp), which is defined as a non-dimensional number involving particle size and plasticity properties [12] . This tool provides a quantitative and continuous classification of soils that allows to correlate the index properties (i.e. particle size analysis and plasticity) with the densification potential (i.e. maximum dry unit weight and optimum water content) and with the mechanical response of the compacted soil (e.g. California Bearing Ratio, CBR) [12, 14] .
Although the RAMCODES methodology is mostly used for the design of compacted soils, because provide technical and quantitative evidence of the influence of the dry unit weight and the saturation degree on the mechanical performance of compacted soils, in this study the design curves of the RAMCODES methodology were used to explain the cause of failure of a compacted soil, whose compaction quality control was only verified by the minimum compaction percentage. Design curves were obtained from results of laboratory tests, which were processed and plotted using commercial software for graphic and data plotting. This study clearly illustrates how the design curves could be used in forensic geotechnical evaluation, in addition to their use for the design of compacted soils.
Materials and Methods

Materials
The soil used in this study was collected from two sections of the base course of a street that would be later paved with hydraulic concrete. The construction site was located inside the private housing complex "Colinas del Urubó" (west of Santa Cruz City, Bolivia). Descriptively, the soil was labeled as: "optimum performance soil" and "weak soil".
Origin and Specifications of the Compacted Soil
The soil used as base course of pavement at the construction site was provided by a construction material production plant. According to the register certificate, the compacted soil met particle size and plasticity standards as required by the private company in charge of the construction of the street. In addition, according to the reception certificate, the company in charge of soil compaction fulfilled the requirements of optimum water content and minimum compaction percentage, of at least 95% of the maximum dry unit weight obtained with the modified Proctor test.
Modification of the Compacted Soil
The register certificate of the construction site mentioned that after the soil was compacted with heavy equipment, part of the compacted soil was removed to make room for a pipe with optic fiber, as requested by the owner of the construction site. An excavation of 1 m of width and 1 m of depth was performed, the pipe with the cables was placed, and the excavation re-filled with the soil that was originally removed from the excavation (avoiding mixings the natural material with the base course material). After placing the optic fiber pipe, the soil was compacted with light vibrocompaction equipment (jumping jacks), due to the difficulty of using heavy equipment within the site of excavation.
According to the register certificate, the water content of the soil used as filling was close to the optimum water content determined by the standard Proctor test. Additionally, the dry unit weight was verified to fulfill the criterion of minimum compaction percentage ≥ 95%, with respect to the maximum dry unit weight obtained with the standard Proctor test.
As mentioned in the register certificate of the construction site, the company in charge of soil compaction used the densification potential (optimum water content and maximum dry unit weight obtained with the standard Proctor test) for controlling the compaction percentage because light equipment (jumping jacks) was used for compaction at the construction site [15] . Thus the minimum compaction percentage was not calculated with the maximum dry unit weight obtained with the modified Proctor test.
Bearing Capacity of the Soil used as Filling in the Excavation
According to the register certificate of the construction site, before the paving and after two rainy days, a light vehicle drove over the soil compacted with heavy equipment (optimum performance soil) and the soil compacted with light equipment (excavation filling), resulting in the failure of the bearing capacity only of the soil compacted with light equipment.
Experimental Methodology
The data of the soil used in the compaction process (particle grain size, consistency limits, water content, dry unit weight, compaction percentage, and CBR) provided by the private company responsible for the construction was verified experimentally in the laboratory by the authors of this research.
Sample Collection
Two samples of the soil that forms the base course of the pavement were obtained, one sample was from a section of optimum performance soil and the other sample was from the section of soil presenting the failure of bearing capacity.
During the design of the pavement structure for the street that would later experience a failure, the engineer established the following characteristics for the base course soil: minimum CBR required ≥ 25%, saturation degree 60-90%, minimum compaction percentage ≥ 95% relative to the maximum dry unit weight obtained with the modified Proctor test.
Mechanical Characterization of the Soils
The weak soil and the optimum performance soil were submitted to grain particle size analysis [21] analysis of consistence limits [22] and specific gravity [23] . The soils were classified according to RAMCODES methodology [12] and to classification of soils for highway construction purposes [24] . Additionally, the weak soil and the optimum performance soil were submitted to water content tests [25] ; dry unit weight was also evaluated using the sand-cone test for weak and optimum performance soil [26] . Afterwards, the null hypothesis of the index properties of the materials was accepted, at a significance level of 0.05.
Experimental Design
An experimental design of four factors (compaction energy) with six levels of treatment (water content) was established [27] . The configuration of the variables was set in a way that allowed easily obtaining specimens with a saturation degree 60-100% (Figure 1a) . According to the proposed experimental design, 24 compaction states were obtained for analysis. 
Measuring of Mechanical Performance of the Soil
Bearing capacity (CBR) was measured in 24 different compaction states (different dry unit weight and different water content) at constant rate of penetration and constant surcharge of weights (Figure 1b) [28] .
Data Plotting
Plots of the surface of the response linking the variables water content (X axis), dry unit weight (Y axis), and CBR (Z axis) were obtained using a commercial software for graphics and data plotting. The Kriging correlation was used for gridding, with 40 columns and rows, a search radius of 2, and a smoothing of 0.9.
Generation of the Design Curves
CBR laboratory tests were carried out with uncontrolled suction. Hence, the design curves were obtained intersecting CBR contour curves with curves of different saturation degrees. This information was then represented in graphs where dry unit weight corresponds to the X axis and the values of the CBR correspond to the Y axis [13] . Table 1 shows the results of the tests performed for the mechanical characterization of the material descriptively named weak soil and the optimum performance soil. Table 1 shows the compaction percentage that was obtained during quality control at the construction site (before water content changes in soil). In Table 1 , the compaction percentage refers to the maximum dry unit weight reached in the laboratory according to the standard Proctor test and the modified Proctor test. The analysis of variance at a significance level of 0.05, revealed no significant differences in the index properties between the weak soil and the optimum performance soil. Table 2 shows the results of the compaction tests performed in the laboratory with a compactive effort of 600 kJ/m 3 (standard Proctor) and of 2700 kJ/m 3 (modified Proctor) for the soil. Table 2 shows that, for the soil, the optimum water content determined with the standard Proctor test was higher than the one obtained with the modified Proctor test. This is in opposition with dry unit weight, as in the standard Proctor test the dry unit weight was smaller than the dry unit weight obtained with the modified Proctor test. Figure 2 shows the design curves for CBR obtained with the soil used as base course of pavement; when dry unit weight was 19.87 kN/m 3 (100% of compaction percentage relative to the maximum dry unit weight obtained with the modified Proctor test), and saturation degree was 77% the CBR measured in the laboratory was 48.6%. On the other hand, when the dry unit weight was 17.90 kN/m 3 (100% of the compaction percentage relative to the maximum dry unit weight obtained with the standard Proctor test), and saturation degree was 73% the CBR measured in the laboratory was 12.1%. Table 1 shows that, for the optimum performance soil, the compaction percentage measured (before water content changes in soil) at the construction site was 100% (19.87 kN/m 3 ) relative to the maximum dry unit weight obtained with the modified Proctor test, and according to the design curves ( Figure 2 ) CBR was 48.6% for a saturation degree of 77%. Table 1 also shows that, for the weak soil, the compaction percentage measured (before water content changes in soil) at the construction site was 100% (17.90 kN/m 3 ) relative to the maximum dry unit weight obtained with the standard Proctor test, and according to the design curves ( Figure 2 ) CBR was 12.1% for a saturation degree of 73%, and although was compacted, the CBR was minor than the minimum CBR required. Figure 3 and 4 shows CBR design curves as function of compaction percentage for the soil used as base course of pavement and shows the scatter points that correspond to the state of the soil (compaction percentage and saturation degree) measured in situ after changing the water content conditions; it can be seen that the soil that was compacted with heavy equipment (and verified using the compaction percentage respect to modified Proctor, Figure 3 ) met the required conditions of mechanical performance (CBR≥ 25%). On the other hand, the soil used to fill the excavation (compacted with light equipment) see Figure 4 , shows the scatter points that correspond to the state of the soil (compaction percentage and saturation degree) measured in situ after changing the water content conditions and whose compaction process was only verified using the compaction percentage (relative to the standard Proctor test, figure 4) did not meet the required conditions of minimum performance (even if is reached 100% of compaction percentage respect to standard Proctor test) and even less when the saturation degree increased. Figure 3 shows that for 95% of compaction percentage (relative to the maximum dry unit weight obtained with the modified Proctor test), the material shows higher values than the minimum CBR required (CBR ≥ 25%) for saturation degrees of 60, 70, 75 and 80%. Figure 4 shows that for 100% of compaction percentage (relative to the maximum dry unit weight obtained with the standard Proctor test) and a saturation degree of 76%, the CBR was 8.7%, representing a difference of 16.3% with respect of the minimum CBR required (CBR ≥ 25%). 
Results
Results and Discussion
In this study, the causes of the failure in the bearing capacity of a soil used as a base course of a concrete pavement were studied. The causes of the failure of the compacted soil were explained through quantitative data obtained in the laboratory from the interaction between CBR, saturation degree, and dry unit weight using the design curves of the RAMCODES methodology.
The particles of the weak soil and the optimum performance soil did not exhibit a crushing phenomenon. The fact that the particles were intact after they received the energy delivered by compaction is due to the high specific gravity of solids whose value was 2.71.
The particle grain size and plasticity of the weak soil and the optimum performance soil were not statistically different. The characteristic factors of the materials were the same (Table 1 , characteristic factor = 0.51), which implies that their mechanical behavior should be the same, but this was not the case.
The fact that the weak soil did not acquire the minimum bearing capacity expected after compaction with light vibrocompaction equipment is explained because the dry unit weight obtained did not provide the proper structure to the mass of soil to make it capable of resisting the minimum bearing capacity of the design (Figure 4) . In construction site due to space limitations, it was necessary to use light equipment to compact the soil used for filling.
For compaction percentage of 94% (relative to the modified Proctor test), and water content conditions close to the optimum of the compaction curve (saturation degree of 80%), the material meets the minimum CBR required for the design (CBR ≥ 25%). However, according to the traditional criterion of 95% of the compaction percentage (relative to the maximum dry unit weight obtained with the standard Proctor test), after change water content CBR was 8.7%, and the mechanical response of the soil did not satisfy the minimum bearing capacity required (CBR ≥ 25%). This means that even if the soil was compacted, it was not capable of resisting the expected load, in the conditions of water content and dry unit weight reached after compaction at the construction site (and even less after the change of water content). Moreover, according to the design curves, when the dry unit weight is kept constant and the saturation degree increases (Figure 2 ) the CBR value tends to decrease because water inside the soil mass does not contribute to the bearing capacity. According to Figure 3 , when the dry unit weight is kept constant (100% of compaction percentage relative to the maximum dry unit weight obtained with the standard Proctor test) and the water content of the weak soil changes, the saturation degree changes in consequence from 73 to 76%, so the CBR was 8.7%. On the other hand, in the optimum performance soil, when the dry unit weight is kept constant (compaction percentage of 99.4% modified Proctor, figure  2 ), when water content changes and the saturation degree changes in consequence (from 77 to 80%), the CBR was close to 45%.
Hypothetically, if the compaction percentage considered to verify the quality control of compaction process was 95% (relative to the maximum dry unit weight obtained with the standard Proctor test), the CBR was 3.7% far below to the minimum CBR required. This show an evident risk generated using only the criterion of the minimum compaction percentage (traditionally 95% of compaction percentage).
A compaction percentage of 94% (relative to the maximum dry unit weight obtained with the modified Proctor test) and a saturation degree of 80% could be considered the minimum compaction percentage that meets the expected mechanical performance (CBR ≥ 25%). This means that, independently of the compaction equipment used at the construction site (heavy equipment or light equipment), achieving 94% of the compaction percentage (relative to the maximum dry unit weight obtained with the modified Proctor test) is desirable. However, experts working in the field, who possess knowledge about the theory of compaction process, know the difficulties of achieving high dry unit weights with light compaction equipment. Thus, a potentially idoneous solution would be to improve the material with cement, polymer, or to substitute the material with other material of higher bearing capacity.
Although the soil used to fill the excavation (characteristic factor of 0.51) was compacted, and reach the maximum dry unit weight obtained with the standard Proctor test (compaction percentage of 100%), it did not reach the minimum CBR required, and even less when there were changes in water content (Figure 3 ).
When the criterion of the minimum compaction percentage was solely used for quality control of the compacted soil, the company in charge of the compaction assumed that using the maximum dry unit weight (obtained in the laboratory by the standard Proctor test) was an adequate procedure to control the compaction percentage at the construction site. This assumption was made in order to be in concordance with the compactive effort delivered to the soil in the laboratory and at the construction site. The sole use of the compaction percentage (maximum dry unit weight obtained with the standard Proctor test) to achieve a CBR that theoretically should be close to the minimum required for the soil used as filling was the cause of the failure.
Conclusion
According to analysis of variance, the material compacted with light vibrocompaction equipment (weak soil) and the material compacted with heavy vibrocompaction equipment (optimum performance soil), were not statistically different in terms of particle size and plasticity properties. When the dry unit weight is kept constant, the saturation degree increases and CBR decreases.
According to the design curves, the weak soil (compacted with light equipment) at the optimum densification potential (maximum dry unit weight and optimum water content) it did not have the minimum bearing capacity required (CBR ≥ 25%); moreover, if water content (saturation degree) changed, the bearing capacity continued to decrease.
The failure of the material compacted with light equipment was due to the soil not reaching an adequate mechanical performance (CBR ≥ 25%), and to changes in saturation degree due to changes in water content. The failure of the soil was not anticipated at the construction site, because using only the criterion of the minimum compaction percentage, the selection of the maximum dry unit weight, was an erroneous decision for controlling the performance of material through the minimum compaction percentage of the soil. The erroneous choice of the densification potential (optimum water content and maximum dry unit weight) for the determination of the compaction percentage, supposedly to be in concordance to the type of equipment used at the construction site (historical focus), was the cause of the soil failure.
At the construction site, it would be necessary to use another material (or the same material improved with cement or other substances, such as polymers) to fill the excavation, so that the mechanical performance required (CBR ≥ 25%) is achieved with a compaction percentage of 95% of the standard Proctor test.
For compaction percentages equal or higher than 95% (relative to the maximum dry unit weight obtained by the modified Proctor test) and saturation degrees 60-80%, the bearing capacity of the soil compacted with heavy vibrocompaction equipment was higher than the minimum required (CBR ≥ 25%). A compaction percentage of 94% (relative to the maximum dry unit weight obtained with the modified Proctor test) with a saturation degree of 80% (according to the design curves) could be considered the minimum compaction percentage that meets the minimum CBR required.
Using the minimum compaction percentage to control the quality of compacted soils, the information (water content and dry unit weight) is limited to the analysis of the mechanical performance when the saturation degree and the dry unit weight of the compacted soil change. The criterion of the minimum compaction percentage is suboptimal for the control of the mechanical response of compacted soils.
Using the commonly pre-established minimum compaction percentage (traditionally 95% of the maximum dry unit weight of the standard or modified Proctor tests), the failure of the compacted soil could not be anticipated because the expected mechanical performance was unknown.
This study clearly illustrates how the design curves of the RAMCODES methodology provide technical and quantitative evidence of the influence of the dry unit weight and the saturation degree on the mechanical performance of compacted soils; therefore, design curves could be used in forensic geotechnical evaluation, in addition to their use for the design of compacted soils.
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